Protein synthesis is one of the major energy-consuming processes in all living organisms. Post-prandial changes in protein synthesis have been studied in a range of animal taxa but have been little studied in fish larvae. Using the flooding-dose method, we measured post-prandial changes in whole-body rates of protein synthesis in regularly fed red drum Sciaenops ocellatus (Linnaeus) larvae for 24-28h following their daily meal. Fractional rates of protein synthesis increased from a baseline (prefeeding) rate of 16%day -1 to a post-prandial peak of 48%day -1 ca. 8h after feeding before declining to 12%day -1 after 24-28h. The overall mean daily rate of protein synthesis was calculated as 27%day -1 . Although suggested as energetically impossible in larval poikilotherms, our results show that rates in excess of 30%day -1 can be attained by larval fishes for a few hours but are not sustained. The average daily energetic cost of protein synthesis was estimated as 34% of daily total oxygen consumption, ranging from 19% immediately before feeding to 61% during the post-prandial peak in protein synthesis. This suggests that during the post-prandial peak, protein synthesis will require a large proportion of the hourly energy production, which, given the limited metabolic scope in fish larvae, may limit the energy that could otherwise be allocated to other energy-costly functions, such as foraging and escape responses.
INTRODUCTION
One of the major energy-consuming processes in all living organisms is the synthesis of protein to be used for maintenance (i.e. to replace existing protein) or for elaboration of new tissue (growth, reproduction). For example, protein synthesis can account for 20% of basal energy expenditure in man (Reeds et al., 1985) and between 11 and 49% of total energy expenditure in fishes (Houlihan et al., 1995a; . Protein breakdown, part of the continual cycle of protein turnover whereby existing organismal proteins are broken down and replaced by newly synthesised proteins (Houlihan et al., 1995a) , accounts for a further energetic cost. Although this cost has not yet been fully quantified in fishes, it may account for as much as 19% of total energy expenditure in mammals (Fraser and Rogers, 2007) . Because of its central role in energetics and growth, animal physiologists have shown much interest in the study of protein metabolism (i.e. the cycle of protein synthesis, breakdown and accretion) (Waterlow, 2006) , and in fishes the effects of various abiotic (e.g. temperature, salinity and oxygen levels) and biotic (e.g. nutritional status, size and tissue and/or organ type) factors on these processes have been summarised in several reviews over the last 20 years (Houlihan, 1991; Houlihan et al., 1995a; Houlihan et al., 1995b; Fraser and Rogers, 2007) .
The larval period in fishes has been recognised as a crucial stage in the life cycle, characterised by two energy-costly processes, both of which rely on protein synthesis: ontogeny (rapid differentiation of new tissues and organs) and rapid growth (increase in body size) (Fuiman, 2002) . Fish larvae face considerable challenges in maintaining energy balance (Wieser, 1995; Pedersen, 1997) , yet data on rates of protein synthesis in fish larvae are much more scarce than for juvenile or adult fishes because of methodological problems of adapting existing protein synthesis techniques to work with fish larvae (Houlihan et al., 1995c; Fraser and Rogers, 2007) . Most studies of fish larvae have focused on relating rates of protein synthesis to growth and determining the energetic costs of protein synthesis Houlihan et al., 1993; Houlihan et al., 1995d; Conceição et al., 1997a; Smith and Ottema, 2006) , although the effects of temperature (Mathers et al., 1993) and contaminant exposure (McCarthy and Fuiman, 2008) have been reported.
Following a meal, a series of physiological changes occurs in animals as they digest, absorb and assimilate ingested nutrients ). The post-prandial increase in metabolic rate, known as specific dynamic action (SDA), is the most studied physiological response to ingestion of nutrients as it provides an integrated measure of the energy expended on all activities of the body involved in the processing of a meal (McCue, 2006; Secor, 2009) . Because protein synthesis represents the major energetic cost of processing a meal, post-prandial changes in protein synthesis have been studied in a range of animal taxa: crustaceans (e.g. Houlihan et al., 1990; Whiteley et al., 2001) , fishes (e.g. McMillan and Houlihan, 1988; Lyndon et al., 1992; Katersky and Carter, 2010) , birds (e.g. Yaman et al., 2000) , mammals (e.g. Simon and Bergner, 1983; Yoshizawa et al., 1995; Danicke et al., 1999) and humans (e.g. McNurlan et al., 1993; Welle et al., 1994; Waterlow, 2006) . For juvenile and adult fishes, there are tissue-specific and temperature-dependent responses in the timing and magnitude of the post-prandial peak in protein synthesis (McMillan and Houlihan,2010) . In contrast, knowledge of post-prandial changes in protein synthesis in fish larvae is limited to a single study (Houlihan et al., 1993) .
One feature common to all studies of the post-prandial response of protein synthesis in fishes is limited sampling over time following a meal. Most studies have sampled at 2 to 12h intervals over a 12-24h period after feeding (McMillan and Houlihan, 1988; McMillan and Houlihan, 1989; Fauconneau et al., 1989; Lyndon et al., 1992; Katersky and Carter, 2010) . This can result in either an incomplete time course when the response extends beyond the sampled period (e.g. McMillan and Houlihan, 1988; McMillan and Houlihan, 1989; Fauconneau et al., 1989) or a coarse temporal resolution as a result of large time intervals between samples (e.g. Lyndon et al., 1992; Katersky and Carter, 2010) . Conclusions about the timing and magnitude of post-prandial changes in protein synthesis may be improved by more regular sampling over time following a meal. In addition, many studies of post-prandial changes in protein synthesis have starved fish for 6-7days prior to refeeding and measuring rates of protein synthesis (McMillan and Houlihan, 1988; McMillan and Houlihan, 1989; Fauconneau et al., 1989; Lyndon et al., 1992) compared with regularly fed fishes (Houlihan et al., 1993; Katersky and Carter, 2010) . Given that rates of protein synthesis and breakdown are known to be influenced by feeding/starvation history Fraser and Rogers, 2007) , it is possible that these factors may also affect the timing and magnitude of post-prandial changes in protein synthesis.
The aim of this study was to measure post-prandial changes in whole-body rates of protein synthesis in regularly fed red drum Sciaenops ocellatus (Linnaeus) larvae. We chose red drum as an experimental animal as it is a fast growing marine fish that is an excellent model for the study of physiological energetics in larval fishes (Rooker and Holt, 1996; Torres et al., 1996; Herzka and Holt, 2000; McCarthy and Fuiman, 2008 ). We measured rates of protein synthesis at regular intervals over a 28h period after a meal in order to describe the post-prandial response in detail.
MATERIALS AND METHODS

Larval rearing and feeding
Red drum larvae were reared at the University of Texas Marine Science Institute (Port Aransas, TX, USA). Eggs were obtained from broodstock (multiple males and females per tank) induced to spawn by temperature and photoperiod manipulations (Arnold, 1988) at the Marine Science Institute's Fisheries and Mariculture Laboratory (FAML). Three spawns (replicate trials) were used in the experiment. Eggs were collected within 12h of spawning and transported to the laboratory where they were cleaned in a 0.1% formalin solution (Fisher Scientific International, Hampton, NH, USA) for 30min, rinsed and placed in 20litres of sea water mixed with green algae (Nannochloropsis oculata) in 150-litre conical rearing tanks at a density of 150-200eggsl -1 . Hatching occurred overnight. Beginning 6days post-hatching, the volume of water in each tank was gradually increased over the next 5days until it reached 100litres, after which a filter was added and recirculating flow was begun. Rearing temperature and salinity were 27.4±0.2°C (mean ± s.d.) and 27.7±0.2 PSU (practical salinity units), respectively. Beginning on day2 post hatching, rotifers (Brachionus plicatilis) that had been enriched with algae (Isochrysis galbana) for 2h, were added to rearing tanks at a rate of 10rotifersml . Larvae were fed once daily between 09:00 and 11:00h on a 12h:12h light:dark photoperiod. The tanks were siphoned daily to remove debris from the bottom. Visual observation indicated that most Artemia, which collected at the water surface, were eaten within this 2h feeding period. Larvae reached the target size for experimentation, i.e. settlement size of 7-9mm total length (60-68% developed) (Fuiman et al., 1998) , within 17-21days post-hatching. Once larvae in the three replicate spawns reached settlement size, groups of larvae were removed from the tanks to measure rates of protein synthesis. The mean (±s.d.) total lengths (TL) of the larvae from the three replicate trials were 6.4±0.4, 7.7±0.3 and 6.8±0.3mm, respectively. The corresponding mean (±s.d.) wet masses of the larvae were 3.35±0.58, 5.62±0.61 and 3.91±0.44mg.
Protein synthesis
Protein synthesis measurements were made using the flooding-dose method of Garlick et al. as modified for larval fishes by Houlihan et al. and applied to red drum larvae by McCarthy and Fuiman (Garlick et al., 1980; Houlihan et al., 1995a; McCarthy and Fuiman, 2008 Phe. Rates of protein synthesis were measured in groups of larvae (15-30, depending on larval size; mean24larvae) with an approximate total wet mass of 100mg [see McCarthy and Fuiman (McCarthy and Fuiman, 2008) for more details on how sample sizes were determined]. Larvae were placed in 100-ml incubation cups filled with 25ml of bathing solution with light aeration and left for fixed periods of time (see below). After removal from the cups, larvae were rinsed in distilled water, blotted dry on tissue paper and immediately frozen in liquid nitrogen and stored at -80°C until analysis.
A preliminary experiment was conducted to measure the time course of incorporation of radiolabel from the bathing solution into the free amino acid pool and the protein pool of the larvae using larvae ca. 9mm TL. These larvae were obtained from a previous spawn by the same red drum broodstock and reared under conditions similar to the experimental fish. For the time-course experiment, groups of larvae were transferred, 24h after feeding, to incubation cups containing the bathing solution, and left in the dark for 1, 2, 4, 6 and 8h (three cups sampled at each time point). In addition, a control group was sampled and frozen to provide baseline free amino acid and protein pool data for 9-mm-TL red drum larvae. Based on results of the preliminary time-course experiment (see Results), all subsequent experimental groups were bathed for 4h. In order to measure post-prandial changes in protein synthesis, groups of larvae were removed from the three stock tanks immediately before feeding (0h) and 2, 4, 6, 8, 10, 12, 16, 20, 24 and 28h after feeding and transferred to the incubation cups containing the bathing solution. Three replicate cups per trial were sampled at each time point. These time intervals were selected to capture the expected rapid increase and slow decrease in post-prandial protein synthesis. A failure of air supply to some cups during incubation resulted in the loss of samples for a few time points: 28h in trial 1 and 16, 20 and 24h in trial 3.
In order to calculate rates of protein synthesis, the specific radioactivities of the Phe in the free amino acid pool and protein pool were measured as outlined by Houlihan et al. (Houlihan et al., 1995b) . Briefly, the frozen samples were homogenised in 0.2moll -1 perchloric acid and centrifuged (2000g at 4°C for 10min) to separate the precipitated body protein from the free amino acid pools. Larval Post-prandial protein synthesis in fish protein content (mglarva -1 ) was measured by solubilising the protein precipitate in 0.3moll -1 NaOH and determining the protein content using the method of Lowry et al. as modified by Schacter and Pollack using bovine serum albumin as a standard (Lowry et al., 1951; Schacter and Pollack, 1973 Wilson et al., 1996; Morgan et al., 1998; McCarthy and Fuiman, 2008) . We had previously measured the concentration of Phe in red drum larval protein as 348.3±1.9nmolmg -1 (McCarthy and Fuiman, 2008) . The specific radioactivity of Phe in the free amino acid pool (S a ; d.p.m.nmol -1 Phe) was calculated by converting Phe in the free pool to -phenylethylamine (PEA), extracting PEA through heptane into 0.01moll -1 H 2 SO 4 and measuring PEA content by fluorescence (Suzuki and Yagi, 1976) and PEA radioactivity using scintillation counting. The enzymic conversion of Phe to PEA is 1:1 (Suzuki and Yagi, 1976) . The degree of flooding in the free pool was calculated by comparing the free Phe concentrations in the larvae from the time-course experiment with the average value for the control group.
Daily fractional protein synthesis rates (K s ; %day -1 ) were calculated as:
where 1440 is the number of minutes in a day and 240 is the duration of the bathing period (min) (Garlick et al., 1983) . Daily rates of protein synthesis were calculated for each replicate from the mean rate of whole body protein synthesis at each time point measured according to the method of Katersky and Carter (Katersky and Carter, 2010 ):
where K s,WB is the mean whole body fractional rate of protein synthesis at each sampling time and t is the number of hours between the two sampling points multiplied by 0.5. Absolute rates of protein synthesis (A s ; mgday -1 ) were calculated from the K s values as:
where, P is average protein content (mg) of each treatment group. Absolute rates of protein synthesis were calculated for each time point after feeding and hourly absolute rates of protein synthesis (mgh -1 ) were calculated by dividing these values by 24. The daily A s value was calculated from the daily K s value using Eqn3.
Statistical analyses
Data are presented as means ± 1 s.d. All variables were tested for normality and homogeneity of variances prior to statistical analyses using one-way ANOVA or ordinary least squares linear regression. Statistical analyses were conducted using SPSS v.14 and SYSTAT v.11. Differences present at the 5% level were considered significant.
RESULTS
Method validation
In the method validation experiment, the specific radioactivity of Phe in the intracellular free pool of the larvae was elevated within 1h after immersion and remained elevated and stable over the 8-h time course (ANOVA, P0.17; Fig.1A ). The mean specific radioactivity of Phe in the free pool over this time period was 940±168d.p.m.nmol (Fig.1) validate the flooding-dose technique for measuring rates of protein synthesis in red drum larvae.
Post-prandial changes in protein synthesis
Larvae from the three trials differed significantly in total length (ANOVA, P<0.0001), body mass (ANOVA, P<0.0001), percentage protein content (ANOVA, P0.002) and protein mass (ANOVA, P<0.0001; Table1), so protein synthesis data are presented for each trial separately.
Fractional rates and absolute rates of protein synthesis over the time course varied between trials with values of 10-31%day -1 and 25-81gproteinday -1 in trial 1, 8-56%day -1 and 39-270gproteinday -1 in trial 2, and 19-56%day -1 and 61-182gproteinday -1 in trial 3. Although there were differences between trials in the pre-feeding and maximum post-feeding rates of protein synthesis and in the timing of the maximum rate, the same post-prandial pattern was present in each trial. To compare results between the three separate trials, fractional protein synthesis rates for each trial were standardised to a common baseline by dividing each K s value in a trial by the K s value for the sample taken just before feeding (i.e. 0h). This expresses each K s value in terms of the change relative to the pre-feeding baseline (K s 1). The combined time-course data are presented in Fig.2 . This analysis indicated that the highest fractional rates of protein synthesis occurred 4-12h after feeding, with a post-prandial peak in protein synthesis ca. 8h after feeding (Fig.2) . During this peak period of protein synthesis, fractional rates averaged 2-to 2.5-fold higher than pre-feeding rates. Fractional rates of protein synthesis returned to pre-feeding levels at approximately 16h and possibly decreased further, reaching a minimum value 24h after feeding. It is interesting to note a slight increase in protein synthesis from this minimum value 28h after feeding. The peak period of protein synthesis (4-12h after feeding) accounted for 56-63% of the total protein synthesised in the 24h following the meal with 7-8% of this daily total synthesised per hour at the post-prandial peak (Fig.3 ).
DISCUSSION
Validation of flooding-dose method
This study represents a successful modification of the flooding-dose technique to assess post-prandial changes in protein synthesis in regularly fed larval red drum. Requirements of the flooding-dose technique are: (1) rapid elevation of specific radioactivity of Phe in the body free amino acid pools following administration of the radiolabel; (2) the specific radioactivity of Phe in the body free amino acid pools should remain elevated and stable or show a slow linear decline over time; (3) linear incorporation of radiolabel into body protein over time; and (4) no effect on the rate of protein synthesis by the presence of the high intracellular free Phe concentration (Houlihan et al., 1995a; Houlihan et al., 1995b) . The preliminary time-course experiment showed that the first three criteria were met for red drum larvae of ca. 9mm TL. Previously, we validated this method for red drum larvae of 11mm TL (McCarthy and Fuiman, 2008) Furthermore, flooding doses of Phe are not thought to affect rates of protein synthesis (criterion 4) (Garlick et al., 1980; Loughna and Goldspink, 1985) . In the present study, the specific radioactivity of Phe in the body free amino acid pool was elevated within 1h of bathing and remained elevated and stable during the 8-h time course (Fig.1A) . Rapid elevation and stability of the specific radioactivity of Phe in the free amino acid pool within 1 to 2h of bathing has been observed in most studies of protein synthesis of larval fishes Houlihan et al., 1995d; Smith and Ottema, 2006; McCarthy and Fuiman, 2008 ) (this study) although in some rapidly growing fish larvae this has not been achieved (Conceição et al., 1997a; Conceição et al., 1997b) . In the present study, the free Phe concentration in the red drum larvae was elevated sevenfold over the baseline level recorded in control larvae. This compares favourably with previous levels of intracellular free Phe elevation reported for red drum (10-fold) (McCarthy and Fuiman, 2008) and lies within the range of values typically recorded in studies using the flooding-dose technique (4-to 10-fold) (Fraser and Rogers, 2007) .
Post-prandial stimulation
Our results traced the post-prandial increase in whole-body rates of protein synthesis in regularly fed red drum larvae. Compared with baseline (pre-feeding) levels, rates of protein synthesis increased to a peak ca. 8h after feeding then declined to baseline or lower values ca. 24h after feeding (Fig.2) . It is interesting that there was a slight increase in rates of protein synthesis after 24h, which coincided with the scheduled daily meal. This rise in protein synthesis may be due to the synthesis of digestive enzymes or ribosomes in anticipation of the next meal. In fishes reared under feeding ) was provided as a single meal at time 0h. The 24h time period is divided into a series of 2h (0-12h after feeding) and 4h (12-24h after feeding) intervals. Hatched bars, trial 1; black bars, trial 2; grey bars, trial 3. schedules where the daily ration is always offered at the same time of day, feeding entrainment results in diurnal variation in the production of digestive enzymes with a pre-feeding anticipatory rise in digestive enzyme activities 2-6h before the regular feeding (Vera et al., 2007; Montoya et al., 2010) . Diurnal (Mackenzie et al., 1999; Fujii et al., 2007) and post-prandial (Gárcia-Ortega et al., 2000) variation in digestive enzyme activities have also been reported for fish larvae. In addition, Rooker and Holt have shown that there is diel variation in RNA:DNA ratios in larval red drum, with high ratios during the daytime and low ratios at night (Rooker and Holt, 1996) . Although diel periodicities in digestive enzyme activity and RNA:DNA ratios have been linked to photoperiod because most fish larvae are visual feeders (Rooker and Holt, 1996; Fujii et al., 2007) , it has also been suggested that digestive enzyme activities may also show an endogenous circadian rhythm, where peaks in activity anticipate feeding activity, ingestion and digestion of food (Fujii et al., 2007) .
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The timing and magnitude of the post-prandial peak in protein synthesis varied between trials in the present study. This variability is not unexpected, as previous studies with red drum have shown variation in physiological and behavioural performance between trials and batches of fish (Fuiman et al., 2005; McCarthy and Fuiman, 2008) . Such differences have been attributed to variation in the quality of eggs produced at different times within the spawning cycle of individual females within the broodstock (Fuiman et al., 2005) . In addition, it is likely that differences in meal size between trials may have influenced the timing and magnitude of the post-prandial peak in protein synthesis (McCarthy et al., 1994; .
Post-prandial protein metabolism has been studied in a number of fish species encompassing a range of body sizes, temperatures, tissue/organ types and feeding regimens. All of these studies show the same pattern of response: a post-prandial increase in protein synthesis to a peak followed by a subsequent decline (Fig.4) . The timing and magnitude of the post-prandial peak, however, can vary between tissues and feeding regimens. Post-prandial peaks in protein synthesis occur earlier and are of greater magnitude in the liver than in other tissues. In regularly fed animals, peak tissuelevel and whole-body rates of protein synthesis occur 4-10h after feeding and involve a 2-to 2.5-fold increase in synthesis rates over pre-feeding levels (Fig.4A,C) . In addition, the results of Lyndon et al. suggest that the magnitude of the post-prandial response may be larger in animals fed a single meal after extended starvation (Lyndon et al., 1992) (Fig.4D) . The rapid rise in rates of protein synthesis in the liver is to be expected given the primary role of the liver in assimilating nutrients derived from feeding. Indeed, postprandial rates of protein synthesis are thought to be the driving force behind the SDA response (reviewed by Katersky and Carter, 2010) . In barramundi (Lates calcarifer), it was shown (Katersky and Carter, 2010) that the post-prandial profile of whole-body fractional rates of protein synthesis very closely matches the response of the liver, and at the peak post-prandial response 4h after feeding, the liver appears to be synthesising 20 times more protein (on an absolute basis) than the entire white muscle. Thus, it is likely that the timing and magnitude of the post-prandial response of whole-body rates of protein synthesis observed in larval fishes (Houlihan et al., 1993) (this study) are driven by the post-prandial response in the liver.
Based on work on larger fishes (>10g), it is thought that the postprandial increase in protein synthesis is driven by increases in the rate of ribosomal translation, as indicated by calculation of K RNA (also known as RNA activity), rather than by increases in ribosomal number, as indicated by the RNA:protein ratio (also known as C s , capacity for protein synthesis) Katersky and Carter, 2010) . Changes in ribosomal number are thought to be a long-term acclimatory response to changing conditions (e.g. temperature, food supply) in fishes, whereas short-term responses are managed by changes in the rate at which existing ribosomes produce proteins (Fraser and Rogers, 2007; Katersky and Carter, 2010) . However, Rooker and Holt have shown that there is diel variation in RNA:DNA ratios in larval red drum (6-20mm; age 16-40days; 26°C), with high ratios during the daytime and low ratios at night (Rooker and Holt, 1996) . Thus, post-prandial changes in protein synthesis in larval fishes may be a result of both changes in ribosomal number and activity, possibly driven by circadian periodicities in endocrine substances, such as growth-regulating hormones (Rooker and Holt, 1996) . In addition, insulin also plays a role in the timing and magnitude of the post-prandial increase in . Post-prandial changes in fractional rates of protein synthesis in various fish species, expressed as the change in rate relative to the rate recorded immediately before feeding. (A)Regularly fed fish larvae [tilapia, Oreochromis mossambicus, 18mg, 27°C (Houlihan et al., 1993) ; red drum, Sciaenops ocellatus, 4mg, 28°C (present study)]. (B)Rainbow trout, Oncorhynchus mykiss, fed a single meal after a 6day starvation period [50g, 28°C ].
(C)Regularly fed barramundi, Lates calcarifer [11g, 27°C, (Katersky and Carter, 2010) ]. (D)Atlantic cod, Gadus morhua, fed a single meal after a 6day starvation period [180g, 10°C (Lyndon et al., 1992) ]. Int, intestine; WB, whole body; WM, white muscle.
protein synthesis in mammals (Waterlow, 2006) and although not yet investigated in fishes, is likely to play a similar role in the regulation of protein turnover in fishes. Although several studies have reported the post-prandial response of protein synthesis in fishes, our understanding of the timing and the magnitude of the peak response and the overall profile of the response over time after a meal has been limited by experimental design. Firstly, many studies have adopted the starvation followed by re-feeding approach McMillan and Houlihan, 1988; Fauconneau et al., 1989; Lyndon et al., 1992) rather than using regularly fed animals (Houlihan et al., 1993; Katersky and Carter, 2010) . Although starvation-re-feeding studies can provide valuable information on the maximum response of tissue and/or whole-body synthesis rates following food deprivation, responses observed in regularly fed animals are more valuable for understanding protein metabolism and energetics in fishes. Secondly, previous studies have made a limited number of measurements of protein synthesis in order to describe the post-prandial response in the following 24h (e.g. Houlihan et al., 1988; Fauconneau et al., 1989; McMillan and Houlihan, 1989; McMillan and Houlihan, 1992; Lyndon et al., 1992; Katersky and Carter, 2010 ). These studies have described the general post-prandial response (Fig.4) ; however, the precise timing and magnitude of the post-prandial peak in protein synthesis may have been missed. The larval fish studies (Houlihan et al., 1993 ) (this study) that included more frequent sampling during the first 12h after feeding, provide more precise estimates of the timing and magnitude of the post-prandial peak in protein synthesis. In addition, our study is the first to suggest that rates of protein synthesis fall below baseline levels and then rise at the end of the 24h period, possibly in anticipation of the next meal.
Protein synthesis and energetics
The mean daily rate of protein synthesis in the present study was 26.9%day -1 for the 4.3mg (range 2.4-6.7mg) red drum larvae (Table2). These daily fractional rates of protein synthesis are similar to values previously reported for red drum larvae (3-22mg; 27°C, 10-24%day -1 ) (McCarthy and Fuiman, 2008 ) and for other small exogenously feeding larvae of warm-water fish species: nase, Chondrostoma nasus (30-40mg; 20°C, 30%day -1 ) and tilapia, Oreochromis mossambicus (16mg; 27°C, 29.5%day -1 ) (Houlihan et al., 1993) . Although some studies have reported larval protein synthesis rates of 100-600%day -1 , these extreme values have been questioned (reviewed in Smith and Ottema, 2006) . Available flooding-dose data would suggest that whole-body rates of protein synthesis in larval fishes (10 -1 compared with 1-5%day -1 depending upon temperature and feeding regimen (Houlihan et al., 1995a; Houlihan et al., 1995b; [although see Katersky and Carter (Katersky and Carter, 2010) ]. It has been suggested that protein synthesis rates in excess of ca. 30%day -1 are energetically impossible in larval poikilotherms (Weiser, 1991) . However, our results show that rates in excess of 30%day -1 can be attained by larval fishes for periods of 4-8h but perhaps not sustained for longer periods of time. During the 24h after feeding, fractional rates of protein synthesis in red drum larvae varied from baseline rates equivalent to an average of 15.7%day -1 (range 14-18%day -1
) immediately before feeding, rising to an average post-prandial peak of 47.7%day -1 (range 32-56%day ) these values indicate that 56-63% of the total protein synthesised in the 24-h period occurred during the peak period of protein synthesis 4-12h after feeding.
Protein synthesis is known to account for a significant proportion of an animal's energy budget (Fraser and Rodgers, 2007) and in fishes accounts for 11-49% of total energy expenditure (Houlihan et al., 1995a; ). Three approaches have been used to determine the energetic cost of protein synthesis: (1) multiplying the measured rate of protein synthesis by an energetic cost factor; (2) deriving the regression relationship between measured rates of oxygen consumption and protein synthesis; or ) was calculated using the equation provided by Torres et al. (Torres et al., 1996) protein synthesised was used as this value is based on experimental data rather than a minimum cost based on theoretical assumptions [see reviews by Houlihan et al. (Houlihan et al., 1995a; Houlihan et al., 1995b) or Fraser and Rodgers (Fraser and Rodgers, 2007) for assumptions].
(3) measuring the rates of protein synthesis and oxygen consumption in the presence and absence of a protein synthesis inhibitor (Houlihan et al., 1995a; Houlihan et al., 1995b; Fraser and Rodgers, 2007 Houlihan et al. (Houlihan et al., 1995a; Houlihan et al.,1995b) (Smith and Houlihan, 1995) , Smith et al. (Smith et al., 2001a; Smith et al., 2001b) and Smith and Ottema (Smith and Ottema, 2006) ]. We estimated the cost of protein synthesis for larval red drum from the absolute rates of protein synthesis using protein synthesis cost-factors of 8.3 and 12.3mmolO 2 g -1 protein synthesised (Table2). The result was an average daily energetic cost of protein synthesis in regularly fed red drum larvae of between 23 and 34% of the estimated daily total oxygen consumption [calculated from the dry mass using the equation of Torres et al.; Y4.58X 1.04 , where Y is total metabolic rate (in lO 2 larva ) and X is the dry body mass (in mg) to estimate rates of oxygen consumption (Torres et al., 1996) ] depending on the cost-factor used. This analysis can be extended to determine the contribution of protein synthesis to hourly rates of oxygen consumption (lO 2 larva -1 h -1 ; Fig.5 ). Using a cost-factor of 12.3mmolO 2 g -1 protein synthesised, the results indicated that protein synthesis used 19.1±0.2% of the total oxygen consumption immediately before feeding. After feeding, the contribution of protein synthesis increased to a post-prandial peak of 60.7±15.9% (range 43.4-75.4%) then declined to a minimum of 13.5±4.8% (range 9.4-22.5%) 24-28h after feeding (Fig.5) .
It is important to stress the speculative nature of our conclusions since our analysis uses literature-derived average values to estimate metabolic rate [based on Torres et al. (Torres et al., 1996) ] and cost of protein synthesis (based on a summary of published data). Inter-spawn differences in physiological performance are known to exist (McCarthy and Fuiman, 2008) , so that both daily metabolic rate and the cost of protein synthesis are likely to have varied between our replicates. However, these preliminary results do suggest that during the post-prandial peak, protein synthesis will require a large proportion of the hourly energy production, and this is an area of research that warrants further investigation. It is probable that, given the limited metabolic scope in fish larvae (Lucas and Priede, 1992) , any short-term energy requirement for protein synthesis will limit the energy that can be allocated to other functions, such as foraging or predator evasion. Reduced activity after feeding has been observed in a number of taxa, e.g. fishes (Owen, 2001; Vera et al., 2007; Sánchez et al., 2009; Montoya et al., 2010) and reptiles (Secor and Diamond, 1997) and has been suggested for larval fishes based on oxygen consumption data (Wieser et al., 1988; Cunha et al., 2007) . However, changes in activity or performance levels after feeding have not been directly related to post-prandial changes in metabolic rate and any effects of reduced activity levels or reduced energy availability for locomotor activities such as escape responses (McCarthy et al., 2003; Fuiman et al., 2005) on predation susceptibility in larval fishes have yet to be determined.
